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Abstract

This study investigates changes in the MRI contrast properties of Gd(III)-contain-
ing paramagnetic liposomes following the incorporation of photosensitizing agent
(ZnPc—zinc phthalocyanine). It provides identification of mechanisms responsi-
ble for enhancement of proton relaxation rate and hence, the increased both r; and
r, relaxivities. Five liposomal formulations, containing fatty acids derivatives of
Gd(IIT) salt and hydrophobic ZnPc, were synthesized. NMRD profiles of liposomal
solutions (magnetic field range from 0.0002 to 9.4 T) were obtained and Modified
Florence model was applied. The contrast properties of the model drug itself was
separated from the lipid bilayer deformation influence, caused by its incorporation.
The latter resulted, among other, in optimization of an apparent water exchange cor-
relation time. As Gd(III) is located in the outer and inner lipid layers, some of the
Gd(IIT) chelates are localized in aqueous interior of the liposomes, thus their con-
trasting efficiency depends on the water exchange rate through the membrane. The
proposed approach raises the possibility of reducing the amount of potentially harm-
ful contrast media based on gadolinium, by taking into account the increase of the
relaxation effect caused by other components of the system.

1 Introduction

The development of nanostructures that act simultaneously as contrast agents in
imaging techniques and as carriers of therapeutic agents represents a challenge for
nanotechnology. Using one substance, fulfilling the role of the two pharmaceu-
ticals that are used for different purposes, enables combination of diagnostic and
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treatment procedures and reduction of the patients’ discomfort [1, 2]. One of the
main problems for this type of system is the interaction between the contrast compo-
nent and the therapeutically active agent. Proposed combination of zinc phthalocya-
nine (ZnPc—a model photosensitizer with extensive photochemical characterization
in the literature, commonly tested in liposomal formulations [3—5]) and liposome’s
containing gadolinium 3 + (Gd(III)) (contrast agent for MRI) fits into idea of thera-
nostic particles combining diagnostic and therapeutic function.

1.1 MRI Contrast Agents

MRI plays important role in medical diagnostics since it allows non-invasive visu-
alization of tissues. Despite the extensive image contrast manipulation options pro-
vided by e.g., acquisition parameters changes, the ability to report specific patho-
physiological processes is still limited. To improve image contrast ratio, MRI
contrast agents (CAs) are being used which allow the acquisition of images where
a greater number of pathological changes can be seen. CAs are not a source of the
NMR signal, so themselves are invisible in MRI experiments. Their function is to
change the magnetic properties of the environment in which they are located. This
directly influences the relaxation processes, and thus, changes the T, and T, relaxa-
tion times. Nowadays, clinical applications employ mostly paramagnetic gadolinium
ion chelates e.g., derivatives of pantothenic acid, i.e., Gd-DTPA (DTPA—diethylene
triamine pentaacetic acid). These substances shorten both longitudinal relaxation
time (T;) and transverse relaxation time (T,) of surrounding water protons, which
result in changes of the specified area signal intensity, thereby increasing contrast
between areas in the MRI image. T, and T, relaxation times in presence of contrast
agent depend on concentration of the agent and its contrasting efficiency character-
ized by longitudinal and transverse relaxivity (r;, r,) [6, 7] defined as follows:

1 1 .
Toom =r,C+ Ti, i=1or2. 1)

where Tj ) is a relaxation time of the aqueous system, r; — relaxivity, C — the
concentration of the CA, and T; — relaxation time of the system before addition of
the CA. Relaxivity can be also defined as the increase of relaxation, produced by
1 mmol per litre of CA.

1.2 Liposomes as MRI CA

Liposomes are versatile nanoparticles of modifiable physical and chemical proper-
ties [8]. The amphiphilicity of lipids, which allow the transfer of both hydrophilic
and hydrophobic substances in a biocompatible carrier, open the way to a plethora
of applications. There are numerous examples of their use as drug carriers e.g. in
cancer treatment [8—11]. The range of liposomes applications has been expanded by
the incorporation of gadolinium in their structure, converting them into paramag-
netic systems useful as MRI contrast agent [12—14]. The insertion of gadolinium in
liposomes paved the way to construct multimodal particles with joined diagnostic
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and therapeutic function. Taking into account a wide range of currently available
types of lipids, there is a large number of possible liposome compositions with vari-
ous physicochemical properties [8, 14]. Paramagnetic liposomes intended for use in
MRI are obtained either by placing a hydrophilic gadolinium chelate in the aqueous
lumen of a liposome [8], or through the incorporation of gadolinium-functionalized
amphiphilic lipids in the lipid bilayer [8, 12—14]. In the first case, the relaxation
effect is clearly visible only after increasing the permeability of the lipid membrane
at nanoparticles destination site. Use of the second method results in a time constant
relaxation effect depending on the amount of Gd (III) incorporated into the outer
lipid layer (strong effect on the water protons relaxation rate) and inner lipid layer
(relaxation effect limited by lipid membrane permeability). It should also be noted
that an increase in popularity of paramagnetic liposomes containing therapeutic
substances (so-called Theranostic agents) is reported [8]. These particles allow the
simultaneous assessment of the biodistribution of drugs administered to the body
and of their therapeutic efficacy. Observation as therapeutics propagate in the body
is possible using T-weighted MRI scans [10].

To explain contrasting efficiency of paramagnetic CA, relaxation models based
on Salomon-Bloembergen—-Morgan (SBM) and Freed theories are used [15].
According to the literature, for systems with the size of the investigated liposomes
(about 130 nm), the most suitable is modified Florence approach [16] that contains
appropriate corrections (i.e., for slowly rotating systems (big particles); zero field
splitting (ZFS—interactions of the energy levels of an electron spin S > 1/2); hyper-
fine interaction between the electron spin and the nucleus of the paramagnetic ion;
electronic g-factor anisotropy). It should be noted, that the model does not actually
consider exact size of the particles. Modified Florence approach enables interpreta-
tion of NMRD (Nuclear Magnetic Relaxation Dispersion) profiles of paramagnetic
liposomes [17] and comparison of calculated parameters (e.g., proton-paramagnetic
ion distance—r, water residence time—r,,, rotational correlation time—ry (Fig. 1),
correlation time of electron relaxation—ry, and ZFS parameters) allows to deter-
mine the physical basis of the observed relaxation.

1.3 ZnPc-Gd(lll) Liposomal Theranostics

Biological studies performed in the frame of our previous work provided information
on the temporal stability, sizes, biocompatibility and satisfactory therapeutic efficacy
and safety of use of this kind of system [14]. This work is focused on the explanation
of the influence of ZnPc incorporation on the contrasting properties of bimodal para-
magnetic liposomes, that were described in our previous article [14]. Different lipo-
somal formulations with MRI CA functionality (by the content of lipid derivative of
gadolinium(IIT) diethylenetriamine pentaacetic acid salt) and therapeutic functionality
for photodynamic therapy of cancer (by the content of ZnPc) were investigated. Such
liposomes exhibit constant contrasting properties regardless of the stage of the medi-
cal procedure, allowing tracing of the therapeutic substance in the body and obtain-
ing well-contrasted MRI images of the treated tissues before and after single step of
the treatment. As shown before [14], all tested liposomal formulations had higher
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Fig.1 Relaxation theory parameters: water residence time -ty, rotational correlation time—r,; and pro-
ton-paramagnetic ion distance—r

relaxivities than those of commercially used CAs. The incorporation of ZnPc into the
liposomes increased the relaxation parameters r; and r,, in comparison to the values for
non-loaded ones [14]. Investigation of relaxation properties of ZnPc in water solution
is not possible because of its strong hydrophobicity. The incorporation of ZnPc into
the lipid bilayer enables it to propagate in aqueous media and hence it is possible to
explore its relaxation properties within liposomes. On the other hand, contrast agents
based on Gd(III), due to the paramagnetism of gadolinium ion, are widely used in diag-
nostic imaging. Undoubtfully, Gd(III) is a representative of toxic heavy metals family
and forms a few temporarily stable chelates only in the presence of suitable ligand (e.g.,
DTPA) [18]. Work on the reduction of an amount of Gd(IIl) in therapeutic formula-
tions, that would subsequently minimize the risk of side effects associated with its tox-
icity, is still in progress and currently a big challenge. According to our knowledge,
there are no other literature reports than our previous work [14], about drug molecules
impacting the relaxation properties of paramagnetic liposomes. In this work, we show
that consideration of this effect may result in achieving planned contrasting efficiency
with reduced amount of Gd(III) in the formulation.

2 Materials and Methods
2.1 Liposome Preparation

The liposomes (Fig. 2) are composed of commercially available fatty acids deriva-
tives of Gd(I) salt (bis(1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine)-
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N-N’-diethylenetriaminepentaacetic acid (gadolinium salt), Gd-DTPA2) and
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and PG (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphate) as basic phospholipids of liposomal membrane.
Incorporation of the Gd (III) in the form of lipid derivative ensures the spontaneous
incorporation of all Gd into the structure of the forming nanoparticles. Hydropho-
bic (and, therefore, not dispersible in aqueous media) photosensitizing agent ZnPc
is also incorporated into the lipid bilayer. Liposomes were prepared by a thin-film
hydration method [14]. Solutions of lipids and ZnPc in chloroform were mixed and
evaporated under reduced pressure. The resulting film was hydrated with physio-
logical saline and dispersed by vortexing for 10 min. The liposome suspension was
passed through polycarbonate membranes to achieve a uniform size distribution.
Five liposomal formulations were synthesized. Molar ratios of liposomal compo-
nents (Gd-DTPA2: POPC: PG: ZnPc) were: 0.75: 8: 2: 0 (0.75Gd-lip); 0.75: 8: 2:
0.1 (0.75Gd-ZnPc-lip); 0.03: 8: 2: 0 (0.03Gd-lip); 0.03: 8: 2: 0.1 (0.03Gd-ZnPc-lip);
0: 8: 2: 0.1 (ZnPc-lip).

2.2 NMR Relaxometry

Proton T, relaxation times have been measured for five samples of known concen-
trations for every liposomal formulation in physiological saline using Inversion
Recovery pulse sequence or balanced non-polarized or pre-polarized FFC sequence.
The study of longitudinal relaxation dispersion has been carried out using NMR
spectrometers with magnetic field strength of 9.4 T (Agilent MRI scanner), 4.7 T
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Fig.2 Schematic structure of the analysed composite liposome nanoparticles
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(Bruker CPX), 1.4 T (home built), 0.4 T (home built) and Fast Field Cycling (Stelar
Spinmaster 2000) spectrometer with magnetic field range from 0.0002 to 0.3525 T.
The transverse relaxation study (using CPMG pulse sequence) was conducted
in 0.4 T and 9.4 T. The measurements were carried out at room temperature and
37 °C—corresponding to the temperature of human internal organs.

2.3 Analysis of Relaxation Profiles

Relaxivities r; have been calculated from obtained T, data for each type of
liposomes in all magnetic field strengths. The achieved data were used to create
NMRD profiles. Modified Florence approach was used to relaxation characterization
using a program developed by Bertini et al. [16, 19].

3 Results

Obtained 'H NMRD profiles are typical of Gd complexes bound to a macromolecule
[20]. Maximal contrasting efficiency of studied nanoparticles falls about the range
of magnetic fields used in diagnostics and achieved r; values make studied parti-
cles very efficient contrast agents for MRI. This effect is strongly reinforced in the
case of liposomes with incorporated ZnPc (Fig. 3). To assess how much of this rein-
forcement originates just from ZnPc relaxometric properties, relaxation rates R, of
ZnPc-lip were measured. Auxiliary profiles were created by subtracting ZnPc-lips’
R, values from 0.75Gd-ZnPc-lips’ and 0.03Gd-ZnPc-lips’ (at high magnetic fields)
R, values and calculating r, for this new datasets. It was impossible to calculate such
a profile for 0.03Gd-ZnPc-lip at low magnetic fields as the relaxation effect induced
by ZnPc-lip is comparable to the 0.03Gd-ZnPc-lip relaxation effect. In the case of
0.75Gd-ZnPc-lip, it is clear that after subtracting the ZnPc-lip influence, the calcu-
lated profile does not coincide with the 0.75Gd-lip NMRD profile, suggesting more
complex nature of the observed relaxation increase. Also, there is no evidence in the
literature to argue that incorporation of ZnPc forces Gd-containing lipid derivatives
to be located more frequently in the outer lipid layer.

To achieve relaxation parameters, the modified Florence model was fitted to the
experimental data. Proton-metal ion distance r was fixed at 3.1 A according to the
literature [18]. The best fit parameters are listed in Table 1. The height and position
analyses of maximum r, peak were not implemented due to the interpolation uncer-
tainty. Distance of the closest approach d was fixed during calculations on values
from 3.60 (maximal outer sphere [17]) to 4.1 A for every liposomal formulation.
The best fits were obtained for 3.60 and 3.63 A, what suggests relatively large outer
sphere contribution. The Ty values obtained from the theoretical fittings are assumed
to be influenced by the local mobility of the Gd-DTPA2 as global rotational correla-
tion time is expected to be orders of magnitude lower [17, 21]. As it was expected,
Tr shortening with rise of temperature was observed. Likewise, liposomes with
greater amount of heavy Gd-DTPA?2 lipids had longer Ty, which was elongated even
more by the incorporation of ZnPc.
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Fig.3 NMRD profiles of liposomes 0.75Gd -lip, 0.75Gd-ZnPc-lip, 0.75Gd-ZnPc-lip with subtracted
ZnPc influence, 0.03Gd-lip, 0.03Gd-ZnPc-lip and 0.03Gd-ZnPc-lip with subtracted ZnPc influence
(where possible). The r; calculation was based on Gd(III) molar concentration

This effect is probably caused by increased average weight of the liposome. Elec-
tronic relaxation time 7y values are close to 30 ps for liposomes without ZnPc as
expected for Gd complexes. For liposomes containing ZnPc, there is a wide range
of 7y values calculated. The residence lifetime of the water molecule in the coor-
dination site of the metal chelate t); has reasonable values comparing to the liter-
ature [17] and gets shorten with the rise of temperature and ZnPc incorporation.
The axial component of ZFS D,g values, similar as in the literature [17, 18], are
about 0.03 cm™! and increase with temperature and ZnPc incorporation (except for
0.03Gd-ZnPc-lip). The transient zero field splitting A g values are slightly bigger
than in the literature of similar systems [17], mostly decrease with temperature and
rise after ZnPc incorporation.

Results of transverse relaxivity study are listed in Table 2. Measurements at
16.5 MHz revealed T,-weighted clinical imaging potential of analysed liposomes,
as obtained r, values are from 12.78 up to 49.50 mM~' s™!. Values of r, achieved
at 400 MHz (up to great number of 128.23 mM~! s~! for 0.75Gd-ZnPc-lip at room
temperature) make all examined liposomal formulations a very promising CA for
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Table 2 1, of studied liposomal formulations (calculated value + standard error)

Formulation r,in 16,5 MHz [mM~! s7] 7, in 400 MHz [mM~! 571
23°C 37°C 23 °C 37°C
0.75Gd-lip 12.78 +0.72 21.52+1.69 72.00+3.50 75.15+1.66
0.75Gd-ZnPc-lip 49.50+3.71 42.56+5.03 128.23+3.12 101.59+4.63
0.03Gd-lip 26.86+2.79 22.60+1.69 76.49 +£2.02 57.78+3.72
0.03Gd-ZnPc-lip 36.04+0.87 29.55+2.66 86.06+3.22 66.71+3.11
504 23°C 50 4 37°C
40 40+
i‘; 304 . fl: 304
= 201 '%- +H ; = 201 o7 !
. [ L I + § t o % [ % +
10+ == 4 10+ - } t +
0 : . . SN L , . , M . -
0.001 0.01 0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000

frequency (MHz) frequency (MHz)

Fig. 4 NMRD profiles of ZnPc-lip. The r; calculation was based on ZnPc molar concentration at two dif-
ferent temperatures (23 °C—on the left and 37 °C—on the right)

preclinical imaging. In all cases, there was a significant r, increase caused by the
incorporation of ZnPc into the lipid bilayer.

NMRD profiles of ZnPc-lip solutions are shown in Fig. 4. The shape of obtained
profiles is surprising and not typical for a diamagnetic solution. The profiles resem-
ble NMRDs of paramagnetic systems, so dipolar interactions between Gd (III) ions
and ZnPc are not out of the question. The nature of magnetic properties of ZnPc-lip
remains inconclusive, however, these are out of the scope of the current manuscript
and will be investigated in future.

Detailed characterisation of this type of liposomes by means of differential scan-
ning calorimetry (DSC), nanoparticle tracking analysis (NTA), transmission elec-
tron microscopy (TEM) as well as information about singlet oxygen production,
photodynamic properties and in vitro cell viability were presented in our previous
work [14].

4 Discussion and Conclusions
ZnPc is known as diamagnetic molecule, however, it has been shown that metalloph-
thalocyanines can self-assemble to produce aggregates that exhibit ferromagnetism

at room-temperature [22]. ZnPc does not form supramolecular aggregates [22], but
it can form dimers and trimers [23, 24] which can substantiate non-zero relaxivities
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of ZnPc-lip solution. Strong disagreement of 0.75Gd-lip and 0.75GdZnPc-lip with
subtracted ZnPc-lip NMRD profiles leads to additional explanations of the observed
phenomenon. Modified Florence model fitting provided a partial explanation as not
all parameters calculated for ZnPc-containing liposomes were agreeing with expec-
tations. ZnPc is placed in the hydrophobic part of the lipid bilayer and Gd(III) che-
late remains in the hydrophilic part, so there is no reason to believe that ZnPc can
affect water—CA bonding. Doubling of 1y, value and decrease of 7y, after ZnPc incor-
poration may originate from lack of other parameters that can efficiently enlarge
inner sphere relaxation contribution related, e.g., to the change of lipid membrane
permeability.

As Modified Florence approach is the most appropriate paramagnetic relaxa-
tion model for liposomal CA (according to the literature [16, 17]), an attempt of
fitting improvement was made. The most common way to improve fitting results is
to fix more parameters to known or reasonably estimated values. Some of the sci-
entists are of the opinion that determination of ty; from NMRD profile is disput-
able and the parameter should be fixed at value specific for the particular Gd(III)-
chelate. However, literature shows, that this value varies significantly when different
compounds are bound to the chelate. According to the literature, for Gd-DTPA-x
Ty 18 230-2252 ns (lipid derivatives not listed) [18], for some of its lipid deriva-
tives incorporated into the liposome, we can expect Ty, of 1100-2300 ns (data based
on NMRD profiles) [17]. One could also think of fixing ZFS parameters on values
obtained from EPR studies. For small complexes and low molecular weight chelates,
the analysis of EPR measurements in aqueous solution provided parameters compat-
ible with NMR relaxation data, however, for slow-rotating molecules, calculations
of liquid solution EPR lines get too complex and computationally expensive so to
get proper data solid-state EPR method should be used. Unfortunately, it was shown
that transient ZFS strength and second order static ZFS strength determined by EPR
are significantly different for aqueous solution, frozen solution and powder of the
Gd-DTPA [25, 26]. Hence, axial component of ZFS D,pg and rhombic component
of ZFS E g (possible to calculate from solid-state EPR spectra) are different for fro-
zen solution and powder and can also be considered different from those occurring
in a liquid solution. D¢ for [GA(DTPA)(H,0)]*~ are —0.029 cm™' (powder) and
0.048 cm™! (frozen); E,pg are 0.004 cm™! (powder) and 0.013 cm™' (frozen) [25,
26]. It was concluded that results obtained for frozen solutions are more appropri-
ate to determine accurately ZFS parameters for MRI CA [25], but still the specific
values were not given.

The attempt to include E, g to fitting procedure was made, but it did not improve
fits and resulted in significant lengthening of one profile calculation time, therefore
we abandoned this approach. According to the literature describing liposomes with
lipid derivatives of Gd-DTPA, D, is 0.02—0.03 cm™!, A, is 0.010-0.024 cm™
and E,gg is not implemented to the model [17]. Correlation time of electron relaxa-
tion ty for Gd-DTPA-x is 3—60 ps [18] and for some of its lipid derivatives in
liposomes 19—30 ps [17].

In general, best fit parameters obtained in this study are in good agreement with
literature data, so it can be assumed that they reflect reality, but they can also be
postulated as apparent values since applied model does not comprise parameter
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describing additional liposomal membrane characteristics. One of those affecting
relaxivity features can be water permeability of the lipid bilayer. In case of pre-
sented liposomes, Gd-DTPA?2 is located in the outer and inner layers, so some of the
Gd(III) chelates are localized in aqueous interior of the vesicles and their contrast-
ing efficiency depends on the water exchange rate through the membrane [21]. It
should be noted, that mentioned rate affect "global" water exchange rate that can be
observed as changes of Ty, [21]. In this context fitting parameter, Ty; can be consid-
ered not as the residence lifetime of the water molecule in the coordination site of
the metal chelate but “mixed” water exchange correlation time. Therefore, decrease
of Ty, observed after ZnPc incorporation in this study might suggest increase of
water permeability of the membrane due to locally incompact structure of the
bilayer. Such structure modification may result in larger mobility of lipids, including
Gd(II) lipid derivatives, and increased flexibility/deformability of the membrane.
The latter is associated with transient ZFS A,gg, what explains increase of its value
when ZnPc incorporated. However, reasoning about liposome flexibility based on
Aygs is not practiced in the literature, to our knowledge. Additional measurements,
such as dynamic light scattering or cryo-electron microscopy could also be helpful
in final assessment of liposomes’ structure.

There is a FFC-based method of determination of bending elastic modulus
in liposome membranes, but it is based on NMR relaxation of lipid-building pro-
tons, not the protons of the solvent and it is characterized by a completely differ-
ent approach [27]. Transverse relaxivity r, were obtained only in two magnetic
field strengths, so they do not create the possibility of fitting any relaxation model.
However, for a model that was the antecedent of modified Florence approach, Ber-
tini et al. presented calculations of T, as almost analogous to T, [28], so consistent
increase of r, after ZnPc incorporation is in line with our expectations.

Enhancement of the relaxivity of paramagnetic liposomes caused by the incorpo-
ration of ZnPc leads the way to reduction of the dose of potentially harmful Gd(III)
in novel type of bimodal liposomes combining diagnostic (MRI CA) and therapeutic
(photodynamic therapy of cancer) function. Understanding this phenomenon is cru-
cial for future development of safest and more efficient anticancer-MRI theranos-
tics. It seems that the effect originates mainly from liposome membrane structure
modification. Modified Florence model fitting results in combination with literature
data, focused the attention on the lipid bilayer water permeability and deformability
changes that occur as a result of ZnPc incorporation.
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